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[57] ABSTRACT

A sernial-to-parallel type A/D converter includes a resis-
tance array, a plurality of comparators for upper bits, a
plurality of comparators for lower bits, an encoder for
upper bits, an encoder for lower bits and an adder. The
resistance array divides a predetermined reference volt-
age to generate upper reference voltages, and by divid-
ing the step width of the upper reference voltage, gen-
erates lower reference voltages. The plurality of com-
parators for the upper bits compare the analog input
signal with the upper reference voltages, and applies the
result of comparison to the encoder for the upper bits.
The encoder for the upper bits calculates an estimated
value of the upper bits based on the result of compari-
son, and select second reference voltages in the range
provided by adding +-4 LSB to 1LSB corresponding to
the estimated value of the upper bits. The plurality of
comparators for the lower bits calculate the lower bits
and a correcting bit based on the selected second refer-
ence voltages. The adder adds the correcting bit to the
estimated value of the upper bits to correct the esti-
mated value.

8 Claims, § Drawing Sheets
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SERIAL-TO-PARALLEL TYPE ANALOG-DIGITAL

CONVERTING APPARATUS AND OPERATING

METHOD THEREOF

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an analog/digital
converter for converting an analog input signal to a
“digital signal and, more specifically, to a serial-to-paral-
lel type analog/digital converter converting an analog
input signal by dividing the signal into upper bits and
lower bits. | |

2. Description of the Background Art

As digital image processing technique has been devel-
oped recently, A/D converters capable of high speed
operation and having high resolution have come to be in

great demand. A/D converters capable of high speed
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operation includes flash type and serial-to-parallel type.

In a flash A/D converter, the number of comparators
increases exponentially as the number of bits increases,
in order to provide high resolution. Therefore, it is
difficult to provide a compact semiconductor integrated
circuit. In a serial-to-parallel type A/D converter, the
number of comparators can be significantly reduced as
compared with the flash converter, since analog input
signals are divided into upper bits and lower bits to be
subjected to A/D conversion. Therefore, a compact
semiconductor integrated circuit can be realized by
using the serial-to-parallel type converters.

FIG. § 1s a block diagram showing a conventional
serial-to-parallel A/D converter. This example has a
4-bit structure. Referring to the figure, the analog/digi-
tal converter (hereinafter referred to as an A/D con-
verter) includes a semiconductor substrate A, voltage
comparators M1, M2 and M3 for upper bits, voitage
comparators N1, N2 and N3 for lower bits, a voltage
terminal T1 for supplying a predetermined reference
voltage Vref—, a voltage terminal T2 for supplying a
reference voltage Vref+, resistors R0-R15 connected
in series between voltage terminals T1 and T2, switches
SW10 to 12, SW20 to 22, SW 30 to 32 and SW40 to 42
for selecting reference voltages to voltage comparators
N1-N3 for the lower bits, an encoder 1 for the upper
bits, and an encoder 2 for the lower bits. Each of the
voltage comparators M1-M3 and each of the voltage
comparators N1-N3 has two input terminals, one of
which is connected to receive a reference voltage di-
vided by the resistors and, the other input terminal is
commonly connected to an analog signal input terminal
Tin. Resistors R0-R3 constitute a group, R4-R7 consti-
tute another group, R8-R11 form still another group,
and resistors R12-R15 constitute still another group.
The groups of resistors R0-R3, R4-R7, R8-R11 and
R12-R1S divide a voltage applied between voltage
terminals T1 and T2, and generates reference voltages
Vml, Vm2 and Vm3 for the upper bits. The reference
voltages Vm1 to Vm3 for the upper bits generated in
this manner are supplied to voltage comparators
M1-M3, respectively, and compared with an analog
signal Vin by respective voltage comparators M1-Ma3.
When Vin>reference voltage, “1” (*“H” level signal) is
output, and when Vin=reference voltage, “0” (“L”
level signal) is output. Encoder 1 for the upper bits
encodes results P1-P3 of comparison by voltage com-
parators M1-M3 and provides upper 2 bits of digital
outputs D2 and D3. Encoder 1 also generates signals
S0-S3 for selecting reference voltages for the lower bits
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based on the results P1-P3 of the voltage comparison,
and provides the signals S§S0-S3 to switches
SW10-SW12, SW20-SW22, SW30-SW32, and
SW40-SW42, respectively. The switches turn on when
the corresponding one of the signals S0-S3 is “1”°, and
turns off when the signal is “0”°. The reference voltages
Vnl, Vn2 and Vn3 for the lower bits selected by the
selecting signals S0-S3 are supplied to voltage compar-
ators N1-N3, respectively. Each of the comparators
N1-N3 compares the selected reference voltage with
the analog input signal Vin. When Vin > reference volt-
age, it outputs “1”’, and when Vin=reference voltage, it
outputs “0”. The results Q1-Q3 of such comparisons are
supplied to encoder 2 for the lower bits, and lower 2 bits
of digital outputs D0 and D1 are provided from encoder
2. F1G. 6 1s a truth table of encoder 1 for the upper bits,
and FIG. 7 is a truth table of encoder 2 for the lower
bits.

Assume that the analog input signal Vin is at a poten-
tial between a node X1 of resistors R9 and R10, and a
node X2 of resistors R10 and R11. Digital outputs at this
time will be described. Since analog input signal Vin
satisfies the condition Vm2 < Vin<Vm3, the results of
comparisons from voltage comparators M1-M3 will be
P1=“1",P2=*1"” and P3="0", From the truth table of
FIG. 6, digital outputs of the upper bits will be D2=*0"
and D3=*1", As to the signals S0-S3 for selecting the
reference voltages, the switch S2 only attains “1”, and
other signals attain “0”. Therefore, switches
SW30-SW32 are turned on, and respective nodes of
resistors R8-R11 are connected to voltage comparators
N1 to N3. Consequently, reference voltages Vnl to
Vn3 are respectively supplied to voltage comparators
N1 to N3. At this time, the analog input signal Vin
satisfies the relation Vn2<Vin<Vn3, and therefore
results of comparison from voltage comparators N1 to
N3 will be Q1=%1", Q2=*1" and Q3="0". Conse-
quently, digital outputs of the lower bits will be
D0=%0” and D1=“1", in accordance with FIG. 7.
Thus *“1010” are provided as digital signals D3-D0.

However, in the A/D converter shown in FIG. §,
A/D conversion error arises from the layout of various
elements on the semiconductor substrate. More specifi-
cally, interconnection of the power supply, and the
positions and directions of comparators M1-M3 and
N1-N2 cause a difference in precision of comparison, a
difference in offset voltages between comparators
M1-Ma3 for the upper bits and comparators N1-N3 for
lower bits, and therefore, a significant error is likely to
occur in a conversion code at the interface between the
upper and lower bits. In order to solve this problem, a
method has been proposed 1in which the range of mea-
surement of the lower bits is enlarged to 3LSB to pro-
vide a correction code with respect to ILSB of the
upper bits, and the upper bits are corrected by this
correction code. However, enlargement to 3L.SB makes
circuit structure complicated, and hence layout be-
comes difficult.

In addition, in this method, the time for conversion
for the upper bits differs from that for the lower bits.
Therefore, a highly precise sample/hold circuit for
retaining the analog signal must be provided in the
preceding stage of the A/D converter.

In order to solve the problem of sampling and hold-
ing, a method is known in which sample/hold circuits
are distributed to respective comparators. This method
is especially advantageous when a chopper type com-
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parator is employed in a CMOS circuit, since a chopper
type comparator contains, because of its principle of
operation, a sample/hold circuit.

FIG. 8 shows an example of the above mentioned
chopper type comparator. The comparator includes an
inverter 3 having a P channel MOSFET and an N chan-
nel MOSFET; a switching circuit S1 connected to a
reference voltage Vref, a switching circuit S2 con-
nected to an analog signal input terminal Tin; a switch-
ing circuit S3 connected between an output and an input
of inverter 3; and a coupling capacitance Cs connected
between outputs of switching circuits S1 and S2 and the
input of inverter 3. The switching circuits S1, S2 and S3
switch in response to switching pulses CP1 and CP2
shown in FIG. 9, respectively. Switching pulses CP1
and CP2 have a complementary phase relation, and
when switching circuit S1 is on, switching circuits S2
and S3 are turned off. Therefore, switching circuit S1
and switching circuits S2 and S3 are controlled comple-
mentarily. Such a voltage comparator operating in this
manner is called a chopper type comparator.

The operation of the chopper type comparator will
be described. When switching circuits S2 and 83 are
turned on by the switching pulse CP2, the voltage at
input and output terminals of inverter 3 are set to the
level of the logic threshold value Vth of inverter 3.
Consequently, a difference between the analog input
signal Vin and the logic threshold level Vth of inverter
is charged in the capacitor Cs. At this time, the charge
voltage Vi of the capacitor Cs will be

Vi=Vin— Vth

When switching circuit S1 is turned on by the switch-
ing pulse CP1, a reference voltage Vref is applied to
capacitor Cs. Consequently, the charge voltage V2 of
capacitor Cs will be

Vo= Vref—(Vin— Vik)=AV+ Vik

where, AV = Vref— Vin

Inverter 3 inverts and amplifies a difference AV be-
tween input signal Vin sampled and held by the capaci-
tor Cs and switching circuit and reference voltage Vref.
The amplified signal is provided to output terminal CO
as a result of comparison.

Even in such a chopper type comparator, the above
described problem of different offset voltages of com-
parator for the upper bits and the comparator for the
lower bits cannot be solved.

When there is generated a time difference between a
control signal for the upper bits of the sample/hold
circuit and a control signal for the lower bits, the level
of the analog input signal changes from the sampling-
/holding of upper bits to sampling/holding of the lower
bits. Consequently, the level of the analog input signal
goes out of the range of the selected reference voltage,
causing an error in cCoOnversion.

Pipeline processing is known as a method of eliminat-
ing differences in conversion timing of the upper and
lower bits (see A 20 Hz 8 bit Half-Flash CMOS A/D
Converter, p55 ICD 88-8). An A/D converter having
pipeline processing function disclosed in this article
includes two comparators for upper bits and two com-
parators for lower bits. The two comparators operate
alternately. Therefore, the error derived from the dif-
ference in conversion timing described above can be
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prevented, and in addition, time for A/D conversion
can be reduced.

However, since there are two comparators for the
upper bits and two comparators for the lower bits, the
sample/hold control signals for controlling respective
comparators are complicated, and timing control 1s
difficult. Consequently, errors likely to occur because
of timing deviation of sampling/holding between upper
bits and lower bits.

SUMMARY OF THE INVENTION

An object of the present invention is to prevent gen-
eration of an error in a conversion code at a boundary
between the upper bits and the lower bits in an A/D
converter which converts an analog input signal to
digital data by dividing the input signal into upper bits
and lower bits.

Another object of the present invention is to provide
a circuit structure allowing easy layout of circuit ele-
ments on a semiconductor substrate, in an A/D con-
verter which converts an analog input signal into digital
data by dividing the input signal to upper bits and lower
bits. |

Briefly stated, the A/D converter of the present in
vention converts an analog input signal to digital data
by dividing the input signal to upper bits and lower bits,
and it includes: a first reference voltage generator; a
second reference voltage generator; a plurality of first
comparators; an upper bit encoder; a plurality of second
comparators; a Jower bit encoder; and an adder.

The first reference voltage generator divides a prede-
termined reference voltage and generates a plurality of
first reference voltages.

The second reference voltage generator divides each
step width of the plurality of first reference voltages to
generate a plurality of second reference voltages.

The plurality of first comparators compare the analog
input signal with each of the first reference voltages
generated by the first reference voltage generator.

The upper bit encoder calculates an estimated value
of the upper bits in response to the result of comparisons
from each of the first comparators, and selects a plural-
ity of second reference voltages corresponding to a
range of 4 LSB above and below the estimated value.
The plurality of second comparators compare the ana-
log input signal and each of the selected second refer-
ence voltages selected by the upper bit encoder.

The second bit encoder calculates the values of the
lower bits in response to the result of comparisons from
each of the second comparators.

The adder adds the value of the most significant bit of
the lower bits provided by the lower bit encoder to the
estimated value of the upper bits.

In operation, the upper bit encoder provides esti-
mated values of the upper bits, and second reference
voltage selection signal to select second reference volt-
ages corresponding to a range 2 LSB above and below
the first reference voltage. Each of the second compara-
tors compares the analog input signal with the selected
reference voltage, to provide a value of the lower bits.
Of these lower bits, the most significant bit 1s used as a
bit for correction. By adding the bit value for correction
only to the digital value provided based on the result of
comparisons from each of the first comparators, the
digital values provided by the first and second compara-
tors can be corrected. Since such correction is possible,
the error in A/D conversion of the upper and lower bits
derived from the difference in offset voltages generated
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in the first and second comparators and from the differ-
ence in timing of sampling and holding can be reduced.

In another aspect, the first and second reference volt-
age generators include a resistance array provided in a
matrix shape on a semiconductor substrate. An end of a
row of resistors of the resistance array is set to a poten-
tial corresponding to the least significant bit 1LSB of
the upper bits, and the middle point of the resistance is
set to the first reference voltage.

In operation, the upper bit encoder selects two rows
of resistors corresponding to the estimated value, based
on the estimated value of the upper bits. The resistors of
each row correspond to 1LSB of the upper bit, and the
voltage range of the middle point of the selected two
rows of resistances corresponds to the step width of the
estimated value of the upper bit. Therefore, by selecting
continuous two rows of resistors, a range of 2LLSB can
be provided by 1LSB which is the step width of the first
reference voltage plus upper-and lower 3 LSB ranges.
In this manner, since *+3 LLSB are added to 1LSB of the
upper reference voltage, the circuit structure can be
simplified compared with the conventional art in which
a plurality of bits are added, and various circuit ele-
ments can be easily laid out.

The foregoing and other objects, features, aspects
and advantages of the present invention will become
more apparent from the following detailed description
of the present invention when taken in conjunction with
the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram showing one embodi-
ment of the present invention

FIG. 2 1s a truth table of an encoder for upper bits in
the A/D converter of FIG. 1.

F1G. 3 is a truth table of an encoder for lower bits
shown in FIG. 1.

FIG. 4 15 a truth table of the adder shown in FIG. 1.

FIG. 5 is a schematic diagram of a conventional A/D
converter.

FIG. 6 is a truth table of the upper bit encoder of
FIG. §.

FI1G. 7 1s a truth table of the lower bit encoder of
FIG. 5. |

FI1G. 8 is a schematic diagram of a chopper type
comparator.

FIG. 9 shows control signals for the chopper type
comparator.

DESCRIPTION OF THE PREFERRED
| EMBODIMENTS

FIG. 1 1s a block diagram showing one embodiment
of the A/D converter in accordance with the present
invention. The A/D converter shown in FIG. 11s a
4-bit A/D converter. Referring to the figure, the A/D
- converter includes voltage comparators M0-M3 for
upper bits, voltage comparators NO-N7 for lower bits, a
voltage input terminal T1 to which a reference voltage
Vref— is applied, a voltage input terminal T2 to which
a reference voltage Vref+4 is input, resistors R0-R1S8
serially connected between voltage input terminals T1
and T2, an encoder 1 for upper bits, an encoder 2 for
lower bits, an adder 4, and switches SW10-SW13,
SW20-SW23,- SW30-SW33 and SW40-SW43 con-
nected to respective nodes of resistance for selecting
reference voltages of the lower bit comparators NO-N7.
Resistors R0-R15 are provided in a matrix on a semi-
conductor substrate A. Resistors R0-R3 form a row of
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6 |
resistance, R4-R7 forms another row, R8-R11 forms
still another row, and R12-R15 form a further row.
Reference voltages Vrm0-Vrm3 for upper bits are gen-
erated at middle points of respective rows of resis-
tances, that 1s, at the node between R1 and R2, the node
between R5 and R6, the node between R9 and R10, and
the node between R13 and R14. Voltage comparators
M0-Ma3 for the upper bits compare the reference volt-
ages generated by the respective rows of resistances
with the level of an analog signal input, and provides
results of the comparisons thereof, Qm0-Qm3. Encoder
1 for the upper bits generates upper bit digital outputs
Dm0 and Dm1 based on the results of the comparisons
Qm0-Qm3 from voltage comparators M0-M3, and gen-
erates signals SEO-SE3 for selecting resistances for
generating reference voltages for the lower bits. The
signals SE0-SE3 are supplied to switches SW10-SW13,
SW20-SW23, SW30-SW33 and SW40-SW43, respec-
tively.

The reference voltages for the lower bits selected in
this manner are applied to voltage comparators NO-N7,

‘respectively. Voltage comparators NO-N7 compare the

level of the analog input signal Vin with reference volt-
ages Vrm0-Vrm7 for the lower bits, respectively, and
outputs the results of comparison Qn0-Qn7. The results
of comparison Qn0-Qn7 are supplied to an encoder 2
for the lower bits. Encoder 2 generate lower 2 bits of
digital outputs D0-D1 and a code Dn for correcting the
upper bits. The encoder 1 for the upper bits determines
based on the results of comparison Qm0-Qm3 of volt-
age comparators M0-M3, to which range of LSB of the
upper bits the level of the analog input signal belongs.
The encoder 1 generates selecting signals SE0-SE3 to
select two rows of resistances in the range of the afore-
mentioned range =4 LSB, and provides digital outputs
Dm0 and Dm1. The truth table of encoder 1 is shown in
FI1G. 2. Encoder 2 for the_ lower bits provide lower
digital outputs D0 and D1 and upper bit correcting
code Dn corresponding to outputs Qn0-Qn7 from volt-

age comparators NO-N7. The truth table of encoder 2

for the lower bits is shown in FIG. 3. The lower 2 bits
D0 and D1 from encoder 2 are directly provided as
digital outputs. Meanwhile, the upper bit correcting
code Dn 1s applied to an adder 4, and adder 4 adds the
correcting code Dn to upper bit outputs Dm0 and Dm1
from encoder 1. Digital outputs D2 and D3 corrected
by this addition are provided as upper 2 bits. In case an
overflow 1s generated, an overflow signal OFL is out-
put. The truth table of adder 4 is shown in FIG. 4.
Assume that the analog input signal Vin is at a poten-
tial between a node X1 between resistors R9 and R10
and a node X2 between resistors R10 and R11, as in the
above described prior art. At this time, the level of the
analog input signal Vin is Vrm2<Vin<Vrm3, and
therefore results of comparison from voltage compara-
tors M0-M3 are Qm0=*1", Qm1=*1", Qm2=1" and
Qm3=-"0". From the truth table of FIG. 2, the upper bit
digital outputs will be Dm0=*0" and Dmil=*“1",
Therefore, as to signals for selecting the reference resis-
tance, signals SE2 and SE3 attain “1” and other select-
ing signals attain 0. Therefore, switches SW30-SW33
and switches SW40 SW43 are turned on, nodes of resis-
tors R8-R15 are respectively connected to voltage
comparators NO-N7, . and reference voltages
Vrm0-Vm7 are supplied to the comparators. At this
time, since the analog input signal Vin is
Vml<Vin<Vrn2, the results of comparison from volt-
age comparators NO-N7 will be Qn0=*1", Qnl =—1”
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and Qn2-Qn7="*0", Therefore, according to the truth
table of FIG. 2, digital outputs of the lower bits will be
D0=*0", D1=*1"” and Dn=*0". Out of these digital
outputs, the upper bit correcting code Dn is added to
upper bit digital outputs Dm0 and Dm1 in adder 4, and
as corrected digital outputs, D2=‘0" and D3=“1" are
provided. The digital signals D3-D0 corrected in this
manner will be “1010”, whereby analog/digital conver-
sion can be correctly carried out.

Assume that after the digital values of upper bits are
provided, the sampling value of the analog input-signal
Vin of the lower bits moves because of an offset voltage
or of a time lag, and the value has the potential between
the node X1’ between reference voltage resistors R12
and R13 and the node X2’ between R13 and R14. In this
case, analog input signal Vin is Vind <Vin <VmS§, and
the results of comparisons from voltage comparators
NO-N7 are Qn0-Qné4="1" and QnS5-Qn7="0". There-
fore according to the truth table of FIG. 2, digital out-
puts of lower bits will be D0=“1", D1="0" and
Dn="1". Out of the lower bit digital outputs, the upper
bit correcting code Dn is added to the upper bit digital
outputs Dm0 and Dm1 *“10” which have been output in
advance, and D2="1" and D3="*1" are output as the
corrected digital output from adder 4. In this manner,
digital signals D3-D0=*1101" can be provided by
correction with respect to the preceding analog input
signal. In this manner, a correct digital value can be
provided.

According to the above described embodiment, since
the voltage comparators for the lower bits operate in
the range of 1LSB of the upper bits and =4 LSB for
conversion, comparison is done in the range of =4 LSB
even when the sampling value fluctuates due to the
offset voltage or a time lag and based on the result of the
comparison, the upper bits can be corrected to provide
the correct digital converted value. In addition, offset
error and error in conversion due to time lag derived
from the layout of comparators and interconnections
can be reduced.

The voltage at the terminal end of each resistance
provided in the row direction of the resistance array
corresponds to 1LSB of the upper bits, and the voltages
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at both ends are divided corresponding to the number of 45

lower bits (n). In addition, the middle point of one row
of resistance is connected to the input terminal of the
upper bit comparators. Therefore, compared with the
conventional structure in which a plurality of L.SBs are
added, the number of redundant bits can be reduced.
Therefore, compared with the prior art, the circuit
structure and the layout structure can be made simple.

Although the present invention has been described
and 1llustrated in detail, it is clearly understood that the
same 1S by way of illustration and example only and is
not to be taken by way of limitation, the spirit and scope
of the present invention being limited only by the terms
of the appended claims.

What 1s claimed is:

1. An A/D converting apparatus for converting an
analog input signal to digital data by dividing the input
signal to upper bits and lower bits, comprising:

means for dividing a predetermined reference voltage

for generating a plurality of first reference .volt-
ages;

means for dividing each step width of each of said

plurality of first reference voltages to provide a
plurality of second reference voltages;
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a plurality of first comparing means for comparing
each of said generated first reference voltages with
said analog input signal;

means responsive to a result of comparisons from

each of said first comparing means for calculating
estimated values of said upper bits and for selecting
a plurality of second reference voltages corre-
sponding to a range 4 L.SB above and below the
LSB of the estimated values,

a plurality of second comparing means for companng
said analog input signal with each of said selected
second reference voltages;

means responsive to a result of comparisons from
each of said second comparing means for calculat-
ing values of lower bits; and

means for adding the most significant blt value of said
calculated lower bits to the estimated values of said
upper bits.

2. The A/D converting apparatus accordmg to claim

1, wherein

said A/D converting apparatus includes a semicon-
ductor substance, and

said means for generating the plurality of first refer-
ence voltages and said means for generating the
plurality of second reference voltages include a
resistance array having a plurality of resistors ar-
ranged in a matrix on said semiconductor substrate,
said resistance array being successively connected
starting from the first row of the matrix to the last
row of the matrix.

3. The A/D converting apparatus according to claim

2, wherein -

said resistance array includes a plurality of resistances
provided in the row direction corresponding to
said plurality of first references voltages, and each
said resistance includes a plurality of resistors cor-
responding to said second reference voltages.

4. The A/D converting apparatus according to claim

3, wherein

each said resistance has its terminating end set to a
potential corresponding to 1L.SB of said upper bit,
and its middle point set to said first reference volt-
age.

5. The A/D converting apparatus according to claim

1, wherein

each said first comparing means includes means for
sampling/holding time divisionally said analog
signal and said first reference voltage, and

means for inverting and amplifying a potential differ-

“ence between the sampled/held analog input signal
and the first reference voltage; and

each said second comparing means includes means
for sampling/holding said analog input signal and
said second reference voltage time divisionally,
and

means for inverting and amplifying a potential differ-
ence between said sampled/held input signal and
said second reference voltage.

6. The A/D converting apparatus according to claim

1, wherein

said second reference voltage generating means in-
cludes a plurality of resistors for dividing each step
width of said first reference voltages:;

said means for selecting the plurality of second refer-
ence voltages includes control signal generating

- means for generating a control signal for encoding
results of comparisons from said plurality of first
comparing means in accordance with a prescribed
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logic equation and for selecting said plurality of
second reference voltages, and

switching means connected between both ends of
each said resistor and an input of said second com-
paring means, switching in response to said gener-

~ ated control signal. -

7. The A/D converting apparatus according to claim

1, wherein |
said range of 4 LSB above and below the L.SB of said

estimated value is the range provided by adding a

voltage corresponding to ne half of said step width
to the upper side and the lower side of the step
width of the first reference voltage corresponding
to the estimated value.

8. A method of operating an A/D converting appara-

tus for converting an analog input signal to digital data

5

10

15

by dividing the signal to upper bits and lower bits, com- 3¢

prising the steps of
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generating a plurality of first reference voltages by
dividing a predetermined reference voltage;

generating a plurality of second reference voltages by
dividing each step width of said plurality of first
reference voltages; |

comparing said analog input signal with each of said
generated first reference voltages;

calculating estimated values of said upper bits in re-
sponse to the result of said comparison and select-

- ing a plurality of second reference voltages corre-
sponding to a range of 3 LSB above and below the
LSB of the estimated values; ,

comparing said analog input voltage with each of said
selected second reference voltages;

calculating the values of the lower bits in response to
the result of said comparison with said analog sig-
nal and each of said second reference voltages; and

adding the calculated value of the most significant bit

of the lower bits to the estimated values of said
upper bits.

* %X X X %
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